Silicon carbide (SiC) is a material that possesses hardness and robustness to operate under high temperature condition. This work is a pilot in exploring the feasibility of cubic piezo element on the SiC wafer with integrated proof mass as horizontal cantilever with perpendicular displacement with respect to the normal plane. With the advance of electronic circuitry, the power consumption is reduced to nanowatts. Therefore, harvesting ambient energy and converting into electrical energy through piezoelectric material will be useful for powering low power devices. Resonance is a property which able to optimize the generated output power by tuning the proof masses. The damping ratio is a considerable parameter for optimization. From analytical study, small damping ratio will enhance the output power of the piezoelectric energy harvester (PEH). This paper will present mathematical modelling approach, simulation verification and the conditional circuit named versatile precision full wave rectifier.
1.0 INTRODUCTION
In recent years Micro Electro Mechanical Systems (MEMS) have been significantly impacted by the vibration energy harvester. This is in parallel with the development of low power wireless devices, which has prompted researchers to explore an alternative power supply which will enable the electronic devices to last longer. With such extensions, the applications of MEMS devices are toward wireless communication and sensors, where installation can be done at hard-to-reach locations [1] . To overcome location limitations, mechanical vibration from the surroundings is used for conversion into electrical energy.
Three different mechanisms, namely piezoelectric, electromagnetic and electrostatic, are used as converters. Of these three mechanisms, piezoelectric is the most reliable and is able to generate the maximum power for low power wireless electronic devices. Vibration is applicable either in the micro or macro size environmental area and it is essential for low or high temperatures. Robustness and working at high temperature are the main criteria in evaluating the harvester. Forty uniform energy harvesters have been tested at operating temperatures between 30°C and 100°C [2] . Further analysis has resulted in the fabrication of silicon carbide (3C-SiC) that can withstand temperatures of more than 500°C [3] .
Various modelling methods have been presented in many research works to represent the estimated current, voltage and power output produced via the energy harvester. The beam thickness method is derived from the bending beam model [3] . Another modelling approach uses a rectangular plate based on Kirchhoff's assumption, where the equation of motion is referring to the flexural motion of the structure under the action of an applied electric field and external disturbance [4] . The simulation using the cantilever beam mode based on thin beam theory [5] was shown using different proof masses.
For practical implementation of piezoelectric energy harvesting (PEH), signal conditioning is used to define the overall efficiency of the power systems. In general, the piezo-element generates alternating current (AC) typically at a certain frequency and the load requires a direct current (DC) supply. The purpose of obtaining DC voltages is to ensure that the energy from the piezoelement will able to power up the low power devices. Four diodes are used as a Wheatstone bridge which converts the AC to DC. However, the rectification process for the main technique is performed by an operational amplifier and not by diodes [7] .
A precise rectification function is an important requirement in many applications such as instrumentation and measurement. The precision of the rectification circuit is obtained by using certain components such as a high performance amplifier. Due to the need for precise rectification, a precise rectifying circuit is proposed, consisting of an all-pass filter that acts as a 90° phase shifter, two squaring circuits, one summer, and one square rooter. The sinusoidal signal is shifted by adjusting the resistance and capacitance. This paper investigates the performance of power conditioning strategies and the design of a power conditioning circuit that produces stable DC output.
For a high-precision rectifying circuit using an all-pass filter that acts as a 90° phase shifter, it is reported by the previous researchers that an operational amplifier with a specific current conveyor is used due to the high output impedance of the current conveyor to overcome the turn-on resistance of the diode, permitting the rectification of low-level signals and also responding to frequencies over 100 kHz [8] .
The vibration suppression techniques use a piezoceramic actuator coupled to a switching circuit where a synchronized switch controls the energy flow through the switching shunt network between the low short circuit and high open circuit stiffness. As a result, the targeted structure motion is attenuated because the shunt circuit absorbs the converted electrical energy obtained by transduction of mechanical energy [9] . This article will discuss the analytical modelling of an SiC cantilever beam using the thin beam approach to estimate the frequency response function (FRF) of the output voltage. Secondly, the beam with different proof masses will be discussed. Then, we will look at the conditional circuit which is designed in order to boost the generated output voltage. And finally, this paper will conclude based on the performance of the SiC cantilever piezoelectric with the best output produced under extreme environment conditions. 
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where: w(x,t) = total displacement of the beam wb(t) = base displacement wt (x,t) = beam transverse displacement with response to the base; the external force due to the surrounding vibration to the beam is expressed as
Hence, by inserting Equation (2) and (3) into Equation (1), it becomes
In Equation (1), M(x,t) is the moment at the beam which is defined from the general beam equation. If a piezoelectric patch is attached to the beam, the moment will change due to the additional piezoelectric effect. When external load is applied to the beam, it deflects downward and the piezoelectric patch placed above the neutral axis experiences tension.
The relation between mechanical stress and piezoelectric strain is expressed by using the piezoelectric constitutive equation: 
The current is calculated by differentiating the charge with respect to time.
Therefore, the voltage output is measured as follows:
where Rl is the resistive load.
The shape of the beam is defined by Wtn and qtn(t) defines the vibration of the beam. Wtn(x) is the Eigen function representing the n th mode shape corresponding to the undamped free vibration problem:
where i  's are the dimensionless frequency number obtained from the frequency equation given by
where R is expressed as
The amplitude of the output voltage is represented by
The damping ratio value used for the simulation is measured from the experiment [1] in order to obtain reasonable results. Equations (14) to (16) state that the output voltage produced depends on the beam dimension, smart material properties and proof mass applied.
Cantilever Properties
The beam is modelled as a fix-free beam with a piezoelectric layer and non-piece layer. The length and width of the cantilever are 400 mm and 30 mm respectively, the thickness of each layer is 1 mm and it is pulled along the z-axis.
An analysis is done to estimate the output in terms of the voltage frequency response function (FRF). Different proof masses and modes of the beam are analysed and discussed. 
Analysis of Voltage Produced by the PEH
The voltage generated by the PEH is calculated from the voltage Equation (14) . The analytical results were plotted with wb0 assumed to be 2.3 x 103. The βil is taken from the first mode of the beam shape which 1.8752, the first natural frequency of the beam is 1202.96 Hz, and the integral value of wt is equal to 0.0038. The f value is equal to -4944 x 10 -8 . The time constant value is calculated to be 138. Analysis was performed with damping values of 0.05x10 -6 . The voltage given by Equation (14) is plotted in Figure 2 , where the amplitude of the voltage decreases with increasing natural frequency. The maximum voltage obtained for the first mode excitation is 6.175μV and the second mode excitation is 0.06075μV. 
Analysis of PEH with Variable Proof Masses
The PEH was also tested with variable tip masses to enhance the generated output voltage. The simulation results for the output voltage tested with variable proof mass are also presented in Figure 3 . From the analytical results, increase of the proof mass will contribute higher output voltage and decrease the beam's natural frequency. As seen from Figure 3 , the simulated output voltage is increased from 1.282 mV to 2.945 mV with mass added. The voltage produced is gradually increased to 4.655 mV with two masses added, and 6.175 mV with three masses.
Instead of an increase of output voltage, the 1 st natural frequency of the beam with no mass is 1202.96 Hz. The value decreases to 790.91 Hz when one proof mass is added. The beam was tuned to be 630.43 Hz with two proof masses added and finally the resonance frequency decreased to 539.76 Hz when three proof masses were added to the beam. In the simulation the PEH works with a frequency range from 0 to 10 kHz. The additional proof masses in the developed PEH decrease its natural frequency. This condition holds true if the beam is working under the elastic region and the proof mass does not exceed its fracture point. However, if the proof mass is loaded exceeding its limit, the beam will fall into the plastic region.
The second analysis is done to observe the trend of the proof mass with the generated output voltage. Table 2 shows the proof masses with output voltage at the 1st and 2nd natural frequencies. From the simulation results, the increment of proof masses affects the output voltage generated in the 2 nd mode. The operating frequency is between 5 kHz and 6 kHz for 1, 2 and 3 masses. However, for the no mass beam, the 2nd mode is around 7.2 kHz. The graph in Figure 4 shows a linear relation between the output voltages. The result is obtained with three different proof masses. The FRF of the output voltage is measured at the resonance at the first mode for all three proof masses. At the beginning of Figure 4 , no mass is added and the output voltage produced is 1.282 mV, and with three masses the output voltage produced is 6.175 mV. The FRF voltage produced at the 2nd mode shows a scattered plot against the masses. From Figure 4 , the output voltage, 0.05278 mV, with 2 proof masses is the only point which is below the red line, while the others are above the red line. From the simulation, it is found that adding mass increases the generated output voltage up to a certain limit.
3.0 ELECTRONIC SIMULATION
The efficiency of the energy harvester is analysed with the conditioner circuit where the amount of energy extracted and stored is measured. The software Multisim 10.0 by National Instrument is used to simulate the energy extraction and storing from the PEH. The phase of the input sinusoidal signal is given by Vin = A sin (2πft) where amplitude, A and frequency, f are shifted by 90° by using the all-pass filter and adjusting the resistance, R and capacitance, C of the RC network. The combination of the RC network and all-pass filter keeps the 90° phase shifted amplitude equal to the amplitude of the input signal. To maintain the phase shift of 90° as in Figure 6 for different frequencies, R and C are adjusted accordingly. The output signal of the phase shifter circuit can be written as Vp = A sin (2πft). The squaring of Vin and Vp is done by using analog multiplier AD 633, as shown in Figure 7 . After the squaring process, these squared signals are summed by using the op-amp UA741 that connects in series with the square rooting circuit which consists of another UA741 op-amp. After the square rooting process, the signal produces a rectified output of out VA  . 
Waveform Analysis
Two waveforms are provided as a result of the combination of specific circuits of a versatile precision full wave rectifier. Figure  6 shows the 90° phase-shifted waveform that is the same as the peak input signal. The waveform in Figure 7 is produced from the squaring of the input signal and the output of the phase shifter circuit. It is seen that the waveform is squeezed with respect to the time-based scale because the frequency is doubled. Finally, the waveform in Figure 8 is the rectified output of the main circuit which produces less rippled voltage. Based on the graph produced, it can be concluded that the DC voltage depends on the supply input and the resistive load value itself. The circuit will generate high DC voltage as the circuit is supplied by high input AC voltage. Moreover, from the formula of V=IR, it indicates that the circuit will produce high DC voltage as the value of resistor, R of the resistive load (resistor at probing part) is high.
Transfer Function
The transfer function characteristic of the proposed circuit is studied for a lower frequency of 50 Hz and higher frequency of 1 kHz. We have used a 280 kΩ resistor and 50 pF capacitor at 50 Hz frequency, and a 14 kΩ resistor and 50 pF capacitor at 1 kHz frequency. These specific values of frequencies and components are able to maintain a 90° phase shift off the all-pass filter. At frequencies of 50 Hz and 1 kHz, the value of the rectified output voltage obtained is almost the same as the peak input voltage. The amplitude of the sinusoidal signal and 90° phase-shift into the cosine signal is kept the same by the AD741 all-pass filter. Thus, it is confirmed from the transfer characteristics that the circuit performs well at both lower and higher frequencies.
Power harvested
The harvested power is calculated by measuring the rectified voltage on a variable resistive load from 100 Ω to 1 kΩ. Then the measured voltage, VDC is inserted into:
The harvested power can be obtained from the power formula of: The table above shows the data of the main circuit that is obtained by measurement and calculation. Table 2 shows that all the parameters are proportional to the resistive load value, RL. This means that the main circuit can harvest much energy from the high voltage system.
4.0 RESULTS AND DISCUSSION
The harvested power traces of the main technique increase linearly, while other techniques showed decreases of their harvested power. Figure 9 shows that with the standard technique with transformer and without capacitor, the harvested power increases until a certain resistive load value before it decreases for higher resistive loads. However, low rectified voltage values also cause the efficiency of the converter to decrease due to high current values through the inductor and capacitor respectively, thus increasing resistive losses.
5.0 FUTURE RECOMMENDATIONS AND CONCLUSIONS
Piezoelectric is a promising energy harvester which can devour the energy needed for use by small electrical appliances. This paper performs mathematical modelling analysis of a cantilever structure on SiC with proof mass added to the end of the beam. The generated FRF output voltage depends on the beam parameter and also the force applied to the beam. Our simulation shows that 
Simulation measurements
Standard circuit with transformer and without capacitor Versatile precision full wave rectifier Figure 9 The simulated measurement of harvested power with respect to DC voltage the generated output voltage at 1KW will increase with increased proof mass.
To optimize the output of the energy harvester it is recommended to vary the beam shape to increase the stress and strain area of the deflected beam. Next is to validate the output voltage with experimentation, where the setup will involve a dynamic checker and an accelerometer, and it is recommended to use laser Doppler as the SiC beam is of a micro size. It is recommended that the size of the SiC should be reduced since thicker sizes will affect the beam's natural frequencies.
As a conclusion for the conditional parts, a basic circuit and a precision full-wave rectification technique using an all-pass filter as a 90° phase shifter are presented. The basic circuit gives stable DC output voltage because of its smoothing capacitor. The output voltage amplitude is higher than the input voltage at 200 Hz.
The rectified output of the circuit with transformer depends on the coil inductance of the primary and secondary coil. Furthermore, the precision full wave circuit also provides stable DC output voltage, which seems to have less ripple voltage at a low frequency of 50 Hz and greater ripple voltage at the higher frequency of 1 kHz. However, this maintains the phase shift whenever frequency is supplied into the circuit as the circuit uses an operational amplifier. Based on the graph, the harvested power of the main technique is proportional to the DC voltage.
